Materials
All chemicals and enzymes were used as received unless otherwise stated. β-NADH, β-NAD + , ATP magnesium salt, D-glucose (glucose), glucose-6-phosphate (g-6-p), sodium phosphoenolpyruvate (PEP), sodium pyruvate, sodium L-lactate, magnesium chloride, human blood serum (HBS, from male AB clotted whole blood, sterile filtered, USA origin), pyruvate kinase from rabbit muscle (PK, EC 2.7.1.40, 475 units mg −1 ), L-lactate dehydrogenase recombinant from E. coli (LDH, EC 1.1.1.27, 257 units mg −1 ), catalase from bovine liver (CAT, 3750 units mg -1 , EC 1.11.1.6), glucose oxidase from Aspergillus niger Type II, (GOx, E.C. 1.1.3.4) lyophilized powder 228.25 U mg -1 , anisole, N, N, N', N'', N''-pentamethyldiethylenetriamine (PMDETA), copper (I) bromide, dichloromethane, styrene, magnesium sulfate, horse radish peroxidase (HRP) and 10-acetyl-3,7-dihydroxyphenoxazine (Ampliflu™ Red) and methanol were obtained from SigmaAldrich. L-lactate oxidase from Pediococcus species (LO, EC 1.1.3.2, 1000 units mg −1 ) was received from BBI Enzymes. Hexokinase from Saccharomyces cerevisiae (HK, EC 2.7.1.1, 202 units mg -1 ) and glucose-6-phosphate dehydrogenase from Leuconostoc mesenteroides (G6PDH, EC 1.1.1.363, 507 units mg -1 ) were purchased from Worthington. Stock solutions of all enzymes (10 mg mL −1 ) and substrates were prepared in 100 mM KPi (pH 7.0) containing 10 mM magnesium chloride. For the block copolymer synthesis, styrene was distilled to remove the inhibitor. Ultrapure MilliQ water was obtained with a Labconco Water Pro PS purification system (18.2 MΩ) and was used for the procedures of polymersome self-assembly and their dialysis. Dialysis Membranes MWCO 12000-14000 g/mol Spectra/Por ® were used for dialysis. Ultrafree-MC centrifugal filters 0.22 µm were purchased from Millipore. Sodium nitrate was purchased from Merck. 4X Laemmli Sample Buffer and the protein marker (Precision Plus Protein™ Prestained Dual Color) were purchased from Bio-Rad.
Fluorescence analysis
Fluorescence measurements were obtained using black 96-well, F-Bottom microplates (Greiner Bio-One) on a Tecan Infinite 200 PRO Microplate Reader at 25 °C. β-NADH fluorescence was measured by the emission at 460 nm after excitation at 350 nm.
Proton nuclear resonance
1 H NMR spectra were recorded on a Varian Inova 400 spectrometer with CDCl 3 as a solvent and TMS as internal standard.
Gel permeation chromatography
Gel permeation chromatography was used to determine the molecular weight of the block-copolymer. A Shimadzu Prominence GPC system was used equipped with a PL gel 5 µm mixed D column (Polymer Laboratories), a differential refractive index and a UV (254 nm) detector. THF was used as an eluent with a flow rate of 1 mL min -
1
. Polystyrene standards in the range of 580 to 377,400 g mol -1 were used for calibration.
Transmission electron microscopy
Transmission electron microscopy (TEM) experiments were performed on a JEOL 1010 microscope (JEOL) equipped with a CCD camera at an acceleration voltage of 60 kV. Samples were prepared by placing 5 µL of the solution on a carboncoated Cu grid (200 mesh, EM science) and they were allowed to air-dry for at least 24 hours. Processing and analysis of TEM images was performed with ImageJ, a program developed by the NIH and available as public domain software at http://rsbweb.nih.gov/ij/.
Cryogenic transmission electron microscopy
The cryogenic transmission electron microscopy (Cryo-TEM) experiments were performed on a JEOL TEM 2100 microscope (JEOL) and processed and analysed with ImageJ.
SDS-PAGE analysis
SDS-PAGE was performed on a mini-vertical electrophoresis system (Bio-Rad Mini-PROTEAN® 2 Cell, Bio-Rad Laboratories), using an electrode buffer (0.1% SDS, 0.25 M glycine, 0.025 M Tris-HCl, pH 8.3) at 60 V for 10 min followed by 120 V for 60 min. The gels were stained and destained according to the procedures described by Wong 1 . Digital images of the SDS-PAGE gels were captured with a Bizhub C554e (Konica Minolta).
Nano-particle tracking analysis
A Nanosight LM10HS instrument (Malvern Instruments), equipped with an Electron Multiplication Charge Coupled Device (EMCCD) camera, was used for nano-particle tracking analysis. The camera was mounted on an optical microscope in order to track the light scattered by the injected particles that are present in the focus of an 80 µm beam generated by a single mode laser diode with a 60 mW blue laser illumination (405 nm).
Oxygen measurements
Oxygen measurements were performed with a clark-type oxygen sensor (Oxygraph Plus System, Hansatech Instruments). Before every set of measurements, the oxygen electrode was calibrated. The calibration and subsequent measurements were performed in a temperature controlled (25 °C) cylindrical chamber equipped with a magnetic stirrer (100 rpm). Temperature, sample volume and stirring speed were kept constant for all experiments.
Methods

Mathematical modelling
An analytical description of the enzymatic reaction network was constructed based on the kinetic parameters of the enzymes hexokinase (HK), pyruvate kinase (PK), glucose-6-phosphate dehydrogenase (G6PDH), L-lactate dehydrogenase (LDH) and L-lactate oxidase (LO). The model of the enzymatic reaction network was based on Ordinary Differential Equations (ODEs) from the individual enzymatic reactions in the reaction network (see Table S1 ). The rates of concentration changes were based on the consumption and production of the species in the network according to kinetic mechanisms found in literature or experimentally determined values (see Table S2 ). Kinetic parameters for the corresponding rate equations were partly determined experimentally because literature data on enzyme kinetics are mostly obtained under experimental conditions different from our network (see SI 2-2). The k cat values for the enzymes were determined for every enzyme batch via standard methods. It was assumed that a constant influx of O 2 over the air-solution interface was sufficient to maintain a uniform O 2 distribution in the solution. Therefore the O 2 concentration was kept constant in the model at 250 µM, which was measured with an O 2 sensor. H 2 O 2 was production was used as output of the enzymatic network.
Our mathematical model was subsequently solved numerically in time, using COPASI software. Trajectories of individual species were calculated from an initial state similar to the experimental conditions of our enzymatic network. The kinetic model was fitted to experimental data of kinetic analysis on the bulk system by optimizing the V max constants of the individual enzymes with particle swarm optimization (PSO) extended by implementing additional constraints. By minimizing the difference between model simulations and experimental data, the algorithm allowed us to generate an ensemble of model parameters. Fitting our model to experimentally obtained data showed good agreement in V max (see Table S3 ). 
Kinetic analysis and optimization
Enzyme optimization (bulk)
The enzyme composition in the network was evaluated for optimal functioning. The activation cycle was adjusted by performing assays with PK, HK and the substrates and cofactors glucose (2.5 mM), PEP (5 mM) and ATP (0.5 mM). The concentrations of HK and PK were varied while keeping the total enzyme and substrate concentrations constant. The first-order rate constants of the activation cycle were measured by adding an excess of G6PDH and measuring the production of β-NADH from β-NAD + (250 µM). The most efficient enzyme composition was derived from the initial rates of NADH production vs.
[HK]/[PK] and was found to be 0.5 units mL -1 for PK and 0.3 units mL -1 for HK. As [G6PDH] should not be rate-limiting, the minimal required [G6PDH] was found by performing a similar assay as described above but with the optimal [HK]/[PK] fixed and with varied [G6PDH] . In this way the minimal concentration of [G6PDH], (0.6 units mL -1 ), with respect to the activation cycle was found. The pyruvate-L-lactate cycle was adjusted by determining first-order rate constants of the cycle by performing a set of assays with only LDH and LO, and pyruvate (500 µM) and β-NADH (250 µM) as substrate and cofactor. The ratio [LDH]/[LO] was varied while keeping the total enzyme concentration and the substrate concentrations fixed. By following the conversion of β-NADH to NAD + , the initial reaction rates were determined and plotted against [LDH]/[LO]; the enzyme composition yielding linear product formation was found to be 0.3 units mL -1 for LDH and 0.6 units mL
The ratio of the double cycle, containing the activation cycle and the pyruvate-Llactate cycle, was adjusted by varying the respective enzyme concentrations of the two cycles while keeping the total concentration of enzymes fixed and taking the optimal ratios within the cycles. The acceleration of β-NADH consumption due to this double cycling approach was used as read-out. For this purpose, G6PDH was not added to the mixture. The progress of the reactions was parabolic and fitted by linear regression to second-order polynomial equations. By taking the second derivative, the acceleration of the process vs.
[enzyme] activation cycle / [enzyme] pyruvate-L-lactate was calculated and the optimal enzyme composition was found. The concentration of catalase (2.2 units mL -1 ) was not optimized but fixed at a comparable concentration as the other proteins.
Kinetic analysis of enzymatic network (bulk)
A reaction mixture was prepared containing final concentrations of 10 mM PEP, 500 µM β-NAD + , pyruvate kinase (PK, 0.5 units mL -1 ), HK (0.3 units mL -1 ), G6PDH (0.6 units mL -1 ), L-lactate dehydrogenase (LDH, 0.1 units mL -1 ), L-lactate oxidase (LO, 0.2 units mL -1 ) and catalase (CAT, 2.2 units mL -1 ). For evaluating the effect of ATP, varying concentrations of a stock solution of 80 mM ATP were added. The reaction was started by the addition of glucose with a final concentration of 2.5 mM in a total reaction volume of 300 µL. The effect of glucose was tested by adding different concentrations of an 80 mM glucose stock solution. By the addition of ATP to a final concentration of 500 µM in a 300 µL reaction volume, the reaction was started. Progress of the reaction was monitored directly by measuring β-NADH fluorescence.
Linearity assay on feed forward mechanism
The linearity of the feed forward mechanism was tested by running the enzymatic network without G6PDH (Fig. S1A) . 5 The cycling substrate ATP was tested for its effect on the enzymatic network by measuring β-NADH consumption (Fig. S1B) . In this way the linearity of the feed-forward acceleration of the pyruvate -L-lactate cycle was evaluated. The final assay mixture contained the following components: 250 µM β-NADH, 10 mM PEP, 2.5 mM glucose, PK (0.5 units mL -1 ), LDH (0.1 units mL -1 ), LO (0.2 units mL -1 ), CAT (2.2 units mL -1 ) and different volumes of a stock solution of 12.5 mM ATP. The reaction was started by the addition of HK (with a final concentration of 0.3 units mL -1 ), the final volume being 300 µL. The time course of the reaction was followed by β-NADH fluorescence. Progress curves were fitted by linear regression to second-order polynomial equations. The first derivatives of these fits led to the feed forward rate constants, which showed a linear dependency on ATP concentration in the range of 70 µM -1 mM (Fig. S1C) .
Inhibition assay on pyruvate -L-lactate cycle
The cycling rates of the pyruvate -L-lactate cycle and motor cycle were determined for various pyruvate concentrations and compared with reaction rates in a similar assay with only LDH ( Fig. 2A and 2B ). For the cycling assay, a typical mixture consisted of LDH (0.1 units mL -1 ), LO (0.2 units mL -1 ) and CAT (2.2 units mL -1 ) and different volumes of a stock solution of 12.5 mM pyruvate. For the activity assay of L-lactate dehydrogenase, the reaction mixture contained LDH (0.1 units mL -1 ) and various concentrations of pyruvate from a 12.5 mM stock solution. The reactions in both assays were started by addition of β-NADH (final concentration of 250 µM) with a final assay volume of 300 µL. The time courses of the reactions were followed by measuring the disappearance of β-NADH fluorescence. A positive effect on the cycle rate was observed at low concentrations of pyruvate (< 0.5 mM) where the direct regeneration of pyruvate allows for a constant supply. Negative substrate inhibition was observed above 0.5 mM pyruvate and was more pronounced when LDH was coupled to LO and CAT since this enzyme regenerates continuously pyruvate (Fig. 2B) . This negative feedback mechanism regulates the consumption of energy when the glucose consumption becomes too fast and creates the steady state which is observed in the network. This elongates the out-of-equilibrium state and extends the in situ production of oxygen.
Polymersome nanoreactor preparation and characterization
Synthesis of poly(ethylene glycol) 44 -b-poly(styrene) 167 (PEG-PS)
Amphiphilic block copolymer PEG-b-PS was synthesized according to literature procedures using atom-transfer living radical polymerization 6 . Briefly, to a dry Schlenk tube equipped with a stirring bar, CuBr (45 mg, 0.32 mmol) was added under argon atmosphere. The Schlenk tube was sealed with a septum, evacuated for 15 min and subsequently filled with argon. PMDETA (66 µL, 0.32 mmol) was dissolved in 0.5 mL of anisole and added to CuBr. The mixture was stirred for 15 min under argon. Subsequently, polyethylene glycol macro initiator (215 mg, 0.10 mmol) was dissolved in 1 mL of anisole and added to the Schlenk tube. The Schlenk tube was transferred to an ice bath and degassed for 15 min. Afterwards, distilled styrene (5 ml, 43.6 mmol) was added to the Schlenk tube. The mixture was degassed by three freeze-thaw cycles and was stirred overnight in a preheated 70 ºC oil bath. For workup, CH 2 Cl 2 (75 mL) was added to the polymer solution and the organic layer was extracted with aqueous 65 mM EDTA solution (3 × 150 mL). The aqueous phase was washed with CH 2 Cl 2 and the organic layers were combined and dried with MgSO 4 . The solution was subsequently concentrated and the polymer was precipitated in cold MeOH, filtered and dried overnight. The amphiphilic polymer obtained, PEG 44 -b-PS 167 , had an average molecular weight (M w ) of 19.6 kg mol -1 , with a PDI of M w /M n = 1.07.
1 H NMR (400 MHz, CDCl 3 ), δ: 7.1-6.2 (br. s, PS arom.), 3.7-3.4 (br. s, PEG backbone), 1.8-1.3 (br. s, PS backbone).
Self-assembly of PEG-PS into polymersomes and shape transformation into opened nanoreactor structures
Block-copolymer PEG 44 -b-PS 167 (20 mg) was dissolved in 2 mL of a mixture of distilled THF and dioxane (4 : 1 v/v) in a 15 mL vial equipped with a magnetic stirring bar. The vial was capped with a rubber septum, followed by the addition of 3 mL of MilliQ via a syringe pump with a rate of 1 mL h -1 while stirring the solution vigorously. The resulting cloudy suspension was transferred into a dialysis membrane (SpectraPor, molecular weight cut-off: 12,000-14,000 Da, flat width 25 mm), which was first swollen in MilliQ for about 30 min. The polymersomes were dialyzed against water (1000 mL) for at least 24 hours. The resulting polymersomes were loaded onto spin filters in order to concentrate them to a 10 mg mL -1 solution. Subsequently, a mixture of THF : dioxane (4 : 1 v/v) was added via a syringe pump (300 µL h -1 ) to 500 µL of the polymersomes solution The vial was sealed during the addition with a septum while a 0.6 mm thin needle was placed in the septum for release of overpressure resulting from the high solvent vapor pressure. After 30 minutes, the mixture was spin filtrated over 0.22 µm membranes to remove the organic solvent and to concentrate them to a 10 mg mL -1 solution.
Enzyme encapsulation in the nanoreactors
From 10 mg mL -1 enzyme stock solutions, an enzyme mix was prepared containing 3.4 mg mL -1 of PK, 5.8 mg mL -1 of HK, 4 mg mL -1 of G6PDH, 1.2 mg mL -1 of LDH, 0.8 mg mL -1 of LO and 2 mg mL -1 of CAT in a final volume of 100 µL (total protein concentration: 17.2 mg mL -1 ). For nanoreactors loaded with GOx and catalase, an enzyme mix was prepared from 10 mg mL -1 enzyme stock solutions of GOx and catalase. The enzyme mixture contained 6 mg of GOx and 2 mg of catalase in a final volume of 100 µL.
To the previously formed nanoreactor solution (500 µL, 10 mg mL -1 polymer concentration), the enzyme mix was added and the vial was sealed with a septum and stirred for at least 30 minutes. Subsequently, 150 µL of THF/dioxane (4 : 1 v/v) was added with a rate of 150 µL h -1 while a 0.6 mm needle was inserted throughout the whole experiment to release any excess pressure. After 30 minutes, the mixture was spin filtrated over 0.22 µm membranes to remove any excess enzymes and organic solvent. Nanoreactors were re-dispensed using MilliQ and collected for dialysis against 5 mM NaNO 3 solution. After 1 hour, the sample was concentrated into its original concentration (10 mg mL -1 polymer concentration) and the dialysis solution was replaced with buffer by means of spin filtration.
Kinetic analysis of nanoreactors
Nanoreactors containing the enzymatic network were diluted with buffer, containing 500 µM β-NAD + and 10 mM PEP, to obtain a final dilution factor of 900. For evaluating the effect of ATP, varying concentrations of a stock solution of 80 mM ATP were added. The reaction was started by the addition of glucose with a final concentration of 2.5 mM in a total reaction volume of 300 µL. The effect of glucose was tested by adding different concentrations of an 80 mM glucose stock solution. By the addition of ATP to a final concentration of 500 µM in a 300 µL reaction volume, the reaction was started. Progress of the reaction was monitored directly by measuring β-NADH fluorescence.
Quantification of enzyme loading by SDS-PAGE
SDS-PAGE electrophoresis was performed to evaluate the incorporation procedure of the six enzymes in the nanoreactors. An experiment in triplicate was performed where the enzymes were released from the nanoreactors by reshaping the bowl-shaped structures back into polymersomes by addition of 150 µL of THF/dioxane (4 : 1 v/v) directly to the nanoreactors (Fig. S3A) . Subsequently, the samples were dialyzed against 5 mM NaNO 3 solution to remove the organic solvent. The resulting samples were mixed with 4x Laemmli sample buffer and heated to 95 °C for 5 min before loading. From each sample a dilution of 4, 5 and 6 times was made and loaded on an SDS -polyacrylamide gel (10% acrylamide) in order to validate the linearity of the method. A standard curve was constructed from the enzyme solution that was used for nanoreactor loading, with increasing protein contents (0.63, 1.25, 1.88, 2.50, 3.13 and 3.75 µg per lane). The standard row was loaded on the same gel as the dilution row of the samples (Fig. S3B ). Bands were identified and the peaks were integrated for quantification. In order to assign the right protein to the right band, this gel was compared with a gel in which every enzyme was loaded in a separate lane. The enzymes PK (58 kDa) and CAT (60 kDa) were not distinguishable on the gels and therefore analyzed as couple. Integrating the protein peaks for every lane allowed us to confirm uptake of the six enzymes in the nanoreactors and to quantify a recovery of enzymes up to 22% from the feed concentration of every enzyme (see Figure S3C) .
Quantification of enzyme loading by activity measurements
Initial rate measurements were performed on the mixture of enzymes that was used for the loading of the nanoreactors. Different concentrations of the enzyme solution (ranging from 10 µg ml -1 to 0.25 µg ml -1 total enzyme concentration) and varying concentrations of nanoreactors (600 -1800 times dilution) were supplemented with 5 mM PEP and 500 µM β-NAD + . The assays were started by the addition of ATP and glucose at a final concentration of respectively 500 µM and 2.5 mM in 300 µL assay volume. A standard curve was made from the initial slopes of the progress curves of the enzyme solutions. An average linear trend fit was found across the enzyme mix concentration (0.25 µg/ml and 10 µg/ml) vs. rate of β-NADH production (µM min -1 ) with the equation y = 1.698 -1.449, R² = 0.996. The initial slopes of the progress curves of the nanoreactors were compared to the calibration curve to find the concentration of active enzyme in the nanoreactor solution. Based on the amount of active enzymes, a loading efficiency of 32 ± 4 % was found.
Glucose determination (Figure 4B)
Glucose levels were determined with an enzymatic assay using GOx, horse radish peroxidase (HRP) and 10-acetyl-3,7-dihydroxyphenoxazine (Ampliflu™ Red). In this assay, glucose reacted with GOx to form D-gluconolactone and H 2 O 2 . In the presence of HRP, H 2 O 2 reacted with Ampliflu™ Red in a 1:1 stoichiometry to generate red-fluorescent oxidation product, resorufin which has excitation and emission maxima at 571 nm and 585 nm respectively. From the reaction mixture that was used for the speed analysis, at every time point three aliquots (20 µL) were taken and each sample was diluted with 380 µL of buffer and 20 µL of a 1 mg mL -1 catalase solution to remove remaining H 2 O 2 . The suspension was subsequently spin-filtrated over 10 kDa Amicon spinfilters at a speed of 14,000 g for 10 minutes. The flowthrough (10 µL fraction) was mixed with a reaction mixture containing 59.5 µL buffer, 20 µL GOx (from a 100 U mL -1 stock solution), 0.5 µL of Ampliflu™ Red (20 mM stock solution in DMSO) and 10 µL of HRP (10 U mL -1 stock solution). Fluorescence was measured, after 30 minutes of incubation at room temperature in the dark. With a standard curve of glucose, the glucose concentration in the samples could be determined. The standard curve was prepared by diluting the appropriate amount of glucose to 5 -0.25 µM in 100 µL assay mixtures as described above. A background correction was made by subtracting the value from the no glucose control from every sample. Stock solutions of GOx, catalase, HRP and Ampliflu™ Red were freshly prepared before each series of measurements. All dilutions were made in 100 mM potassium phosphate buffer, pH 7.0 containing 1 mM MgCl 2 and 1 mM EDTA.
Movement analysis
Nanoparticle tracking analysis (NTA) was used to record the movement of particles. NTA software records trajectories of particles by registration of the corresponding X and Y coordinates. A typical video is captured with 30 frames per second. The analysis software compares and tracks the displacement of each particle on a frame-by-frame basis. When a particle moves out of the window, the focal plane or crosses a path with another particle, the software stops tracking. The resulting trajectories allow us to accurately determine the Brownian particle displacement or mean square displacement (MSD) of every particle using equations (1) - (3):
where r = radius and t = sampling time
where D is the diffusion coefficient and d = dimensionality (in our case for the NTA measurements, d=2), The obtained solution (10 mg mL -1 polymer concentration) was diluted at least 600 times with buffer supplemented with 10 mM PEP and 500 µM of β-NAD + to obtain a concentration of particles between 10 7 mL -1 and 10 9 mL -1 , measured by NTA. Subsequently, glucose (1 -10 mM final concentration) and ATP (0.25 -1 mM final concentration) were added and the nanoreactors were injected into the Nanosight chamber for measurement of their movement. For the movement analysis in HBS, 10 µL of nanoreactor solution (10 mg ml -1 polymer concentration) were diluted at least 600 times with HBS. Subsequently the solution was directly injected into the Nanosight and the X, Y coordinates were recorded. NTA 2.3 software was used to track the nanoreactors and from their tracking coordinates, mean square displacements (MSDs) were calculated 7 . The presence of two different nanoreactor populations was observed as a result of two different types of movement, Brownian motion (empty nanoreactors) and propulsive autonomous movement (enzyme filled nanoreactors), see Movie S1. The X and Y coordinates were recorded over time and average MSDs were calculated accordingly (Fig. 4B, Fig S4) . A similar control experiment was performed where empty nanoreactors were mixed with the substrates and cofactors. Only Brownian motion was observed which indicates that the substrates and cofactors don't have any observed effect on empty nanoreactors. The movement of nanoreactors upon addition of proteases was tested by adding 434 µM trypsin to a nanoreactor solution containing substrates and cofactors. No change in speed of the nanoreactors was detected. Subsequently, nanoreactors loaded with the enzymatic network were mixed with HBS without any addition of the network's substrates and cofactors. Autonomous movement was observed and the X, Y coordinates were recorded (Fig. 4C) . Average MSDs were calculated accordingly.
The effect of compartmentalization was tested by measuring the activity of catalase filled nanoreactors in HBS (loading concentration catalase 22.5 kU mL -1 ). The enzymes HK (2.0 units mL -1 ), PK (2.9 units mL -1 ), G6PDH (0.5 units mL -1 ), LDH (0.5 units mL -1 ) and LO (1.3 units mL -1 ) were added to HBS for in situ production of H 2 O 2 whereas the nanoreactors were expected to consume the fuel for autonomous movement. In this experiment, only Brownian motion was observed.
O 2 monitoring
The O 2 levels were measured by performing reactions with nanoreactors in an open and in a closed chamber, all at 25 ºC and under stirring (100 rpm). In the experiment in a closed chamber, influx of oxygen from the air was prevented by covering the liquid surface with argon and subsequent closure of the chamber. The samples in the open and closed chamber were measured every 2.5 sec. A nanoreactor solution (500 µl), with a similar concentration as was used in the kinetic analysis and movement analysis experiments, was prepared and O 2 was monitored until equilibration. After 10 minutes, a buffer containing substrates and cofactors was added to the chamber with final concentrations of 1 mM glucose, 5 mM PEP, 0. 
Movie S1
Autonomous movement and Brownian motion of two populations of nanoreactors. Enzyme-containing nanoreactors were mixed with empty nanoreactors (1 : 9 v/v) in order to distinguish autonomous movement from Brownian motion and exclude drifteffects. The experiment is performed in buffer containing 1 mM glucose, 500 µM ATP, 500 µM β-NAD + and 5 mM PEP.
Movie S2
Brownian motion of empty nanoreactors with fuel. The experiment is performed in buffer containing 1 mM glucose, 500 µM ATP, 500 µM β-NAD + and 5 mM PEP.
Movie S3
Brownian motion of enzyme-containing nanoreactors without fuel. Enzymecontaining nanoreactors were mixed with empty nanoreactors (1 : 9 v/v) in order to distinguish autonomous movement from Brownian motion and exclude drift-effects.
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